Abstract: Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are omega-3 (n-3) fatty acids (FAs) known to influence cardiometabolic markers of health. Evidence suggests that single nucleotide polymorphisms (SNPs) in the fatty acid desaturase 1 and 2 (FADS1/2) gene cluster may influence an individual's response to n-3 FAs. This study examined the impact of a moderate daily dose of EPA and DHA fish oil supplements on cardiometabolic markers, FA levels in serum and red blood cells (RBC), and whether these endpoints were influenced by SNPs in FADS1/2. Young adults consumed fish oil supplements (1.8 g total EPA/DHA per day) for 12 weeks followed by an 8-week washout period. Serum and RBC FA profiles were analyzed every two weeks by gas chromatography. Two SNPs were genotyped: rs174537 in FADS1 and rs174576 in FADS2. Participants had significantly reduced levels of blood triglycerides (−13%) and glucose (-11%) by week 12; however, these benefits were lost during the washout period. EPA and DHA levels increased significantly in serum (+250% and +51%, respectively) and RBCs (+132% and +18%, respectively) within the first two weeks of supplementation and remained elevated throughout the 12-week period. EPA and DHA levels in RBCs only (not serum) remained significantly elevated (+37% and +24%, respectively) after the washout period. Minor allele carriers for both SNPs experienced greater increases in RBC EPA levels during supplementation; suggesting that genetic variation at this locus can influence an individual's response to fish oil supplements.
gene cluster have lower blood EPA levels before supplementation [27, 28] . Therefore, it is important to see if these findings are also seen in young adults consuming fish oil supplements.
The objectives of the present study were to assess the impact of fish oil supplementation, providing 1.8 g EPA/DHA per day, in young adults (18-25 years of age) using several approaches. First, we examined whether fish oil supplementation could lead to reductions in cardiometabolic markers. Second, we measured changes in FA profiles in both serum and RBC fractions during a 12-week fish oil supplementation period, followed by an 8-week washout period. Last, we examined to what extent changes in cardiometabolic markers and blood FA profiles were influenced by common SNPs in the FADS1/2 gene cluster. Overall, we anticipate that the findings of this study will help generate further support that knowledge of an individual's FADS1/2 genotype may help guide the development of personalized strategies using n-3 FA supplements to improve health and prevent disease.
Methods

Participant Characteristics and Omega-3 Supplementation
Young male adults (n = 12) between 18 and 25 years of age were recruited from the University of Guelph through study posters. An n-3 diet survey was used during the initial screening to ensure that participants had not consumed fish oil supplements in the past 12 weeks and/or were not frequent consumers of foods rich or fortified with n-3 FAs. Participants were instructed to maintain regular exercise and dietary habits throughout the entire study. The study consisted of a 12-week fish oil supplementation followed by an 8-week washout. During the supplementation period, participants consumed three Clearwater Omega-3 capsules per day (kindly provided by Ocean Nutrition Canada Ltd., Nova Scotia, Canada) providing a total of 1200 mg EPA and 600 mg DHA per day. Participants were instructed to consume fish oil capsules with meals, as this was previously shown to improve absorption [29] . Compliance was assessed by analyzing EPA and DHA levels in both serum and RBC fractions at baseline and throughout the study. Anthropometric measurements (age, weight, height, and calculated BMI) were taken at baseline and at the end of the washout period. This study (Clinicaltrials. gov. identifier NCT02042274) was approved by the University of Guelph Research Ethics Board (REB #12JL006).
Analysis of Cardiometabolic Markers
Blood samples were collected by venipuncture during the 20-week study period at baseline and weeks 2, 4, 6, 8, 12, 14, 16 and 20 (study timeline Figure 1 ). Lipid markers including TAG, total cholesterol, LDL-cholesterol (LDL-c), HDL-cholesterol (HDL-c), and the cholesterol/HDL-c ratio were measured at each time point. Glycemic parameters (glucose, insulin, and glycated hemoglobin (HbA1c)) and an inflammatory marker (high sensitivity C-reactive protein (hsCRP)) were measured at baseline, week 12, and week 20. All blood samples used for the analysis of these cardiometabolic markers were sent to Lifelabs immediately after collection and analyzed using standard laboratory procedures. 
Fatty Acid Analysis
Blood samples were collected at each study visit, centrifuged to separate serum and RBCs, and then aliquoted and stored at −80 °C until analysis. The FA profile was measured by gas chromatography as previously described [30] . FA peaks were identified by comparison to retention times of FA methyl ester standards. Individual FAs are indicated as a percentage (%) of total FAs. Specific FAs including EPA, DHA, arachidonic acid (AA), docosapentaenoic acid (DPA), α-linolenic acid (ALA), γ-linolenic acid (GLA), and linoleic acid (LA) are reported.
Analysis of Variants in the FADS1/2 Gene Cluster
DNA was extracted using the Qiagen PAXgene blood DNA kit, according to manufacturer instructions (Qiagen, Toronto, Ontario, Canada). DNA quality was visually confirmed on a 1% agarose gel. Two SNPS were genotyped: rs174537 in FADS1 (Chr11:61785208, MAF = 0.33), and rs174576 in FADS2 (Chr11:61836038, MAF = 0.39) [31] . These SNPs were selected for the current analysis because several reports (both by us and others) have showed them to be reproducibly associated with blood FA levels and cardiometabolic markers [20, 24, 30, 32, 33] . Detection of the rs174537 SNP in FADS1 and the rs174576 SNP in FADS2 was carried out using validated TaqMan genotyping assays (Assay ID C_2269026_10_37 and C_2575520_10_76, respectively; Life Technologies, CA, USA) and each sample was analyzed in triplicate to ensure genotyping accuracy. Amplification was conducted on a Bio-Rad CFX96 Real-Time PCR Detection System (Bio-Rad, CA, USA) using an amplification protocol of 95 °C for 10 minutes followed by 40 cycles, which included denaturing for 15 s at 92 °C and annealing/extending for 1 min at 60 °C. Allelic discrimination was performed using CFX96 software to distinguish between different genotypes: major allele homozygotes (GG for rs174537; CC for rs174576), heterozygotes, and minor allele homozygotes (TT for rs174537; AA for rs174576). Linkage disequilibrium (LD) was determined post-hoc to examine the two SNPs used in our study, as well as compared to other SNPs reported in the literature. LD was determined with SNAP (SNP annotation and proxy search [34] ) using the CEU population as the reference group, with data generated as per Pettersson et al. [35] .
Statistical Analysis
Changes in serum and RBC FAs were determined by comparing each time point to baseline values using a non-parametric Wilcoxon paired t-test. All genotype analyses were conducted using a dominant model. FA differences according to genotype were assessed at baseline, week 12, and week 20 using a non-parametric Mann-Whitney U-test. A genotype × time interaction was used to examine the impact of changes in specific FAs throughout the study period. GraphPad Prism 5 (GraphPad Software, Inc., CA, USA) and JMP Genomics software V5 (SAS Institute, Cary, NC, USA) were used for all analyses. A p < 0.05 was considered statistically significant.
Results
Fish Oil Supplementation and Cardiometabolic Markers
All 12 participants completed the study. Anthropometric data and cardiometabolic markers are indicated in Table 1 . The average age of participants was 21.8 ± 1.1 years at baseline. Participants showed a significant decrease in fasted TAG (−13%, p = 0.03) and glucose (−11%, p = 0.03) levels by the end of the 12-week supplementation period. These changes were not maintained during the washout period, where both fasted TAG and glucose levels rebounded back to baseline values (Table 1) . No significant changes were detected for total cholesterol, LDL-c, HDL-c, the cholesterol/HDL ratio, fasting insulin, HbA1c, or hsCRP during the 20-week study period (Table 1) . Table 1 
Fatty Acid Profiles in Serum and RBCs
Within two weeks of commencing fish oil supplementation, EPA and DHA levels were significantly increased in both serum (+250%, p = 1.0 × 10 The levels of EPA and DHA remained significantly elevated throughout the supplementation period. During the washout period, serum EPA levels returned to baseline values within two weeks of supplementation ending. In comparison, serum DHA levels remained significantly elevated within two weeks after supplementation had ceased, but returned to baseline levels by the end of the 8-week washout period. In RBCs, EPA and DHA levels also decreased during the washout period; however, they remained significantly elevated at the end of the 8-week washout period compared to baseline (+37%, p = 1.0 × 10
and +24%, p = 4.9 × 10 −3 , respectively). Arachidonic acid (AA) levels decreased in serum during supplementation; however, there was considerable inter-individual variability resulting in sporadic significance during the 20 week study ( Figure 2E ). In contrast, AA levels in RBCs were significantly decreased by the sixth week in the supplementation period, and were significantly reduced (−13%, p = 1.0 × 10
) compared to baseline, at week 12 ( Figure 2F ). Similar to EPA and DHA, AA levels in RBCs remained significantly altered by the end of the washout period in comparison to baseline, with a significant decrease (−6%, p = 0.02). 
A B C D E F
While EPA, DHA, and AA are the primary FAs that we expected to see changed with fish oil supplementation, we also examined other FAs detected by gas chromatography. By the end of the supplementation period, we noted significant decreases in serum levels of linoleic (LA) and γ-linoleic acids (GLA) (−9%, p = 2.4 × 10 ), and there were significant increases in RBC DPA levels (+39%, p = 1.5 × 10 −2 ) at week 12 compared to baseline. While RBC LA levels returned to baseline during the washout period, RBC DPA levels remained significantly increased (+22%, p = 4.9 × 10 −3
). We observed no significant changes in the levels of α-linolenic acid (ALA) in either serum or RBCs during the 20-week study. Moreover, no significant changes were detected for any saturated or monounsaturated FAs during the study.
Analysis of Variants in the FADS1/2 Gene Cluster
Genotyping results revealed identical allelic distributions for individual participants for the two SNPs analyzed (rs174537 in FADS1 and rs174576 in FADS2). A post-hoc examination of LD revealed that these two SNPs are in perfect LD (1.0); thus indicating that identical allelic distribution was not due to chance. As such, we chose to present findings for the rs174537 SNP only. The influence of these SNPs on cardiometabolic markers and FA levels (EPA, DHA, and AA) was examined at baseline, week 12, and week 20 of the study. There were no significant differences in cardiometabolic markers (specifically TAG or glucose levels) between major (GG; n = 3) and minor (GT + TT; n = 9) allele carriers at any time point. There was a significant difference in serum EPA levels between major and minor allele carriers at baseline, with minor allele carriers showing lower baseline serum EPA levels (−48%, p = 0.04; Figure 3A) . A similar trend was observed for EPA levels in RBC, but did not reach statistical significance (−27%, p = 0.28; Figure 3C ). While EPA levels increased in both major and minor allele carriers after the 12-week supplementation period, we were unable to detect a significant genotype × time interaction in either serum or RBCs (Figure 3A,C) . However, when expressing changes in EPA levels as a percent (%) change (between baseline and week 12) (Figure 3B,D) , we found that minor allele carriers had a greater increase in RBC EPA levels (p = 9.1 × 10
, Figure 3D ) during supplementation compared to major allele carriers. Importantly, there was no difference in ALA levels in either serum or RBCs between major and minor allele carriers at any time point; suggesting that changes in ALA intake were not responsible for changes in EPA (data not shown). We observed no significant differences in DHA or AA levels in serum or RBCs at any time point when subjects were stratified by genotype. 
Discussion
Studies have shown that the increased intake of EPA and DHA from fish oil supplements is linked to reductions in cardiometabolic markers, improvements in overall health, and cardiovascular and metabolic disease prevention [3, 5, 7, 8, 36] . It was uncertain if cardiometabolic markers would change in young adults consuming a moderate dose of fish oil supplements (providing 1.8 g EPA/DHA per day) since these individuals already have normal levels of these markers [37, 38] . The results of our study demonstrated that young men experienced reductions in cardiometabolic markers, specifically TAG and glucose, with the daily consumption of a moderate dose of fish oil. There were no significant changes in cholesterol parameters after fish oil supplementation, which is consistent with other studies [8, [39] [40] [41] [42] . The present study contributes to the field by showing that young healthy individuals also experience reductions in select cardiometabolic markers with a moderate dose of fish oil supplementation in comparison to the doses more commonly reported in the literature (i.e., >3.0 g EPA/DHA per day). However, it is important to note that the reductions in TAG and glucose were quickly lost upon cessation of supplementation; suggesting that improvements in cardiometabolic markers are only maintained with continuous supplementation. Our findings have potential relevance in the context of future disease prevention, as cardiometabolic markers such as TAG are known to increase in an age-dependent manner; thus potentially increasing an individual's risk for cardiovascular complications [36] . Therefore, supplementing with fish oil in early adulthood could promote a more favorable cardiometabolic marker profile in the longer term. Future longitudinal research is needed in order to determine if the decreases in cardiometabolic markers seen in young adults consuming n-3 supplements prevents the development of disease later in life.
In addition to changes in cardiometabolic markers of health, it has been previously shown that changes in n-3 FA intake are reflected in blood FA profiles [14] . For example, increasing EPA and DHA intake causes these FAs to be increased in various blood fractions (serum, plasma, and RBCs) [14, 17] . The concentrations of these FAs rise more quickly in plasma and serum in comparison to RBCs, which is expected because RBCs have a turnover rate of approximately 90 days [15, 17, 39] . As such, RBCs reflect longer-term adaptations in FA intake. We found that EPA levels increased by +250% and DHA increased by +51% in serum within the first two weeks of supplementation compared to baseline. During the washout period, serum EPA and DHA levels decreased back to baseline levels. Specifically, our data showed that serum EPA levels rapidly returned to baseline levels within two weeks of stopping fish oil supplementation, while serum DHA returned to baseline levels only by the end of the washout period. Comparing serum to RBCs, the levels of EPA and DHA in RBCs remained significantly higher by the end of the washout period, most probably due to the 90-day turnover rate of RBCs. Overall, DHA maintained slightly higher levels in both blood fractions during and after supplementation compared to EPA, which is consistent with prior studies using either fish oil supplements providing ~2 g EPA/DHA per day or cod liver oil [16, 18, 40] . EPA in serum and RBCs increased and decreased more rapidly during the study period than DHA, which also agrees with previous reports studying higher doses of n-3 FA supplements (i.e., 2.2-4.8 g EPA/DHA per day) in adults between 21 and 49 years of age [15, 16] .
While changes in EPA and DHA are expected with fish oil supplementation, it is also interesting to examine if other FAs are changed with supplementation. We found that AA (an n-6 FA) levels were reduced slightly in serum and significantly in RBCs during the supplementation period. This aligns with a previous study from our group in which similarly aged men consumed a fish oil supplement providing 3 g EPA/DHA per day for 12 weeks [43] . To expand from this previous work, we have now examined the dynamic changes in AA levels in both serum and RBCs throughout this 12-week supplementation period and 8-week washout period. When examining AA levels throughout the study, we noted that AA levels were more consistently reduced in RBCs compared to serum. In regards to other FAs, we found that serum and RBC DPA levels were significantly increased, and both serum and RBC LA levels were significantly reduced by the end of the fish oil supplementation period. Changes in DPA are likely attributed to the increased amounts of EPA available to be elongated by the fatty acid elongase 2 (ELOVL2) enzyme. Our results are consistent with other studies showing that fish oil supplementation caused increases in serum and RBC DPA [18, 43] and a decrease in both serum and RBC LA [18] . The rapid return of serum FAs to initial levels once supplementation ceased highlights the importance of continued supplementation in order to maintain elevated EPA and DHA and reduced AA levels [44, 45] . The sustained increases in EPA and DHA levels (particularly in RBCs) during the washout period also demonstrates that care must be taken when designing FA supplementation trials with a cross-over component in order to avoid residual FA changes from the previous supplementation. Importantly, many studies use a washout period of four weeks, which our data suggests would be insufficient to clear changes in FAs such as EPA, DHA, and AA in RBCs [16, 18] .
It is now recognized that the fatty acid desaturase enzymes from the FADS1/2 gene cluster influence the FA profile in blood fractions and tissues, as well as cardiometabolic markers. Of relevance to the current study, these parameters can also be modified with fish oil supplements [46] . Work by Cormier et al. [26] examined the role of several SNPs in the FADS1/2 gene cluster as a potential factor that could influence the changes in TAG levels seen with fish oil supplementation. The authors reported that TAG levels were associated with the rs174546 SNP in FADS1 [26] . Although the two SNPs examined in our study (rs174537 and rs174576) were found to be in perfect LD (1.0) with the rs174546 SNP used by Cormier et al. [26] (post-hoc LD analysis outlined in Methods), we were unable to replicate this finding; however, this may simply be due to the small size of our study cohort. Nevertheless, our findings agree with the overall conclusions from Cormier et al. [26] , as both studies found that fish oil supplementation resulted in a significant decrease in TAG levels that was independent of variation in the FADS1/2 gene cluster [26] . In our study, we were unable to show that glucose levels and other cardiometabolic markers were significantly different when stratifying subjects by genotype before, after, or in response to fish oil supplementation. When examining FA levels, we found that minor allele carriers had significantly lower serum EPA levels at baseline (p = 0.04), thus agreeing with recent findings reported by Gillingham et al. [27] and Al-Hilal et al. [28] who used flaxseed oil and encapsulated EPA and DHA, respectively, as sources of n-3 supplementation. Due to our small sample size, we were unable to show statistically significant genotype × time interactions in serum or RBCs (Figure 3A,C) . To mitigate inter-individual variability in EPA levels, we also reported EPA levels as percent changes (i.e., T0 − T12) ( Figure 3B,D) . This approach revealed that minor allele carriers experienced a significantly greater percent change increase in RBC EPA during n-3 FA supplementation compared to major allele carriers, which agrees with a previous report by Gillingham et al. [27] . In contrast, we did not observe a significant genotype effect regarding DHA levels in either serum or RBCs. This may be due to a lower amount of DHA (compared to EPA) in our fish oil supplement. As such, providing higher amounts of DHA in supplements may reveal a genotype effect similar to that seen with EPA. Overall, the results from our study align well with those previously reported by Cormier et al. [26] , Gillingham et al. [27] and Al-Hilal et al. [28] . As such, we anticipate that these findings will help to further demonstrate the potential role of variants in the FADS1/2 gene cluster as mediators of the changes in FA profiles and cardiometabolic markers seen with n-3 supplementation.
Based on the growing body of literature highlighting the relationship between variants in the FADS1/2 gene cluster and FA levels, we believe this locus has potential to be a nutrigenomics target that can be used to help guide the use of n-3 supplements [36] . As reported, minor allele carriers for SNPs in the FADS1/2 gene cluster typically have lower baseline serum and plasma EPA and AA levels [24, 28, 30, 33, 47] . Additionally, individuals with lower baseline EPA levels appear to experience greater increases in these FAs with n-3 supplementation [18, 48] . We believe our study contributes to the growing body of evidence suggesting that genotyping the FADS1 and FADS2 genes, as well as measuring baseline blood EPA levels, may enable health care professionals to use this information to personalize nutritional recommendations in which n-3 supplements are considered.
We acknowledge certain limitations with our study. Firstly, young males were recruited in order to avoid sex-specific differences in FA metabolism; as females experience changes in levels of n-3 FAs throughout the menstrual cycle and generally have a higher level of DHA in blood than males [13] . In future studies, both males and females should be considered. In addition, as this population was considered relatively healthy, it is possible that some of the cardiometabolic markers may be modified to a greater extent in older individuals or those with metabolic complications such as hyperlipidemia [8, 9, 11, 12] . We also acknowledge that we have a small sample size; however, we are confident in our data because of the high level of agreement with previous independent studies reporting similar findings in large cohorts. As such, we feel that our work lends additional support regarding the biological relevance of the relationship between n-3 FA supplements, cardiometabolic markers of health, and variants in the FADS1/2 gene cluster. Nevertheless, findings from the present work should be expanded in future studies to continue this line of investigation. For example, future studies could include a placebo control group to account for any extraneous variables potentially contributing to changes in the various study endpoints, and a food frequency questionnaire could be provided to participants in order to more accurately monitor dietary habits. In addition, RNA could be collected to examine the effect of fish oil supplements on FADS1 and FADS2 gene expression.
Conclusions
Our study demonstrated that fish oil providing 1.8 g EPA/DHA per day caused a reduction in circulating levels of TAG and glucose, and significantly altered levels of circulating FAs in young healthy men. Importantly, normalization of TAG and glucose following the washout period reinforces the necessity of continued supplementation in order to maintain these reductions in cardiometabolic markers. Further, studying dynamic changes in FA profiles during the 20-week study period showed that EPA and DHA enrichment persists for at least eight weeks in the RBC fraction following supplementation; reinforcing the importance of a washout period of sufficient time in future clinical trials. We have also shown that genotype may be a potential mediator of an individual's response to fish oil supplementation, most notably with regards to EPA levels. Overall, our study has demonstrated that young adults provided with a moderate daily dose of fish oil supplements experience reductions in some cardiometabolic markers. This information about effects of n-3 supplements on cardiometabolic markers, and knowledge of an individual's FADS1/2 genotype, may help guide the development of personalized strategies to improve long-term health.
